Variable microorganisms in particulate matter (PM) under different environmental conditions may have significant impacts on human health. In this study, we described a protocol for multiple analyses of the biological compositions in environmental PM. Five experiments are presented: (1) PM number monitoring by using a laser particle counter; (2) PM collection by using a cyclonic aerosol sampler; (3) PM collection by using a highvolume air sampler with filters; (4) culturable microbes collection by the Andersen six-stage sampler; and (5) detection of biological composition of environmental PM by bacterial 16SrDNA and fungal ITS region sequencing. We selected hazy days and a livestock farm as two typical examples of the application in this protocol. In this study, these two sampling methods, cyclonic aerosol sampler and filter sampler, showed different sampling efficiency. The cyclonic aerosol sampler performed much better in terms of collecting bacteria, while these two methods showed the same efficiency in collecting fungi. Filter samplers can work under low temperature conditions while cyclonic aerosol samplers have a sampling limitation for temperature. A solid impacting sampler, such as an Andersen six-stage sampler, can be used to sample bioaerosols directly into the culture medium, which increases the survival rate of culturable microorganisms. However, this method mainly relies on culture while more than 99% of microbes cannot be cultured. DNA extracted from the culturable bacteria collected by the Andersen six-stage sampler and samples collected by cyclonic aerosol sampler and filter sampler were detected by bacterial 16S rDNA and fungal ITS region sequencing.All the methods above may have wide application in many fields of study, such as environmental monitoring and airborne pathogen detection. From these results, we can conclude that these methods can be used under different conditions and may help other researchers further explore the health impacts of environmental bioaerosols.
Introduction
In natural environments, various kinds of microorganisms exist in bioaerosols, including fungi, bacteria, viruses and other microorganisms 1 . Airborne microorganisms, which can be emitted from some human activities such as animal feeding operations in livestock farms, are the important contents of the atmospheric environment 2 . These microorganisms may not only play important roles in the atmospheric environment but also have significant impacts on human health and diseases spread.
As an important way of spreading diseases, microbial aerosols have attracted wide attention throughout the world. In recent studies, many human diseases were found to be associated with the complex composition of environmental particulate matter (PM) in different locations, such as chemical factories, livestock farms and smoggy cities 3, 4 . The biological composition of PM may contribute to some respiratory and cardiovascular diseases in PM-exposed humans 5 . Different body regions, such as the mucosa, skin, digestive tract and respiratory tract, can be potential targets of microbes attached to PM 6, 7 . An increased risk of lung cancer might be caused by prolonged exposure to PM 2.5 8 .
Airborne bacteria have been surveyed at various locations in several countries around the world, including in subway stations, veterinary hospitals, slaughterhouses, composting facilities, tanneries, milk-processing facilities, coal mines, dental clinics and indoor environments 9, 10, 11, 12, 13, 14, 15, 16, 17 , generating a large number of reports about biological aerosols. Crowded places associated with campuses, livestock farms and large cities during hazy days are three particularly important public conditions for which we need to explore the connections between human health and the potential effects of PM exposure. Furthermore, during winter days in the northern cities of China, high PM 2.5 values may affect human health. Although PM 2.5 can generate toxic effects by targeting respiratory surfaces and dissolving into blood 18 , it is still not clear whether and how the microbes attached to PM 2.5 could potentially affect human health
Biological Composition Analysis
1. For biological composition analysis, use each liquid sample from the cyclonic aerosol sampler or filter sample for DNA extraction by a multisource DNA extraction Kit (see Table of Materials) according to the manufacturer's protocols. 1. For samples from the high-volume air sampler with filters, use 1/8 of each filter sample for DNA extraction. Put the filter into a 50 mL tube with the sample facing inward and the back facing towards the tube wall. Add 10 beads in the central sites towards the side of the filter containing the sample. 2. Vortex the tube for 15 min at room temperature. Pipette the liquid in the tube into a clean 50 mL centrifuge tube to continue the DNA extraction process.
2. Extract the DNA from the sample by the processes as follows. 1. Centrifuge the bacteria sample at 2,000 x g for 5 min, remove the supernatant, and suspend bacteria in 2 mL of sterile PBS buffer. 2. Collect the suspension of bacteria in a 2 mL centrifuge tube and then centrifuge at 2,000 x g for 5 min to discard the supernatant solution. 3. Add 350 μL of sterile PBS buffer containing the suspended bacteria to the solution. 4. Add 0.8 mL of RNase A. 5. Add 150 μL of Buffer CL and 8 μL of proteinase K, and mix immediately by vortex shaking for 1 min. After brief centrifugation at 1,000 x g for 30 s (no residues on the wall), put the centrifugal tube in 56 °C water for 10 min. 6. Add 350 μL of Buffer PD, and mix for 30 s and then centrifuge for 10 min at 12,000 x g. 7. Place the DNA preparation tube in a 2 mL centrifuge tube, and transfer the mixture made in step 4.2.6 to the preparation tube. Then centrifuge for 1 min at 12,000 x g. 8. Discard the filtrate, put back the contents of the preparation tube into the original 2 mL centrifuge tube, and add 50 μL of Buffer W1.
Centrifuge the mixture for 1 min at 12,000 x g. 9. Discard the filtrate, put back the contents of the preparation tube into the original 2 mL centrifuge tube, and add 700 μL of Buffer W2.
Centrifuge the mixture for 1 min at 12,000 x g. Repeat this step to wash again with 700 μL of Buffer W2. 10. Discard the waste liquid, and put back the contents of the preparation tube into the original 2 mL centrifuge tube. Centrifuge the mixture for 1 min at 12,000 x g. 11. Put the contents of the DNA preparation tube into another clean 1.5 mL centrifuge tube, and add 100 μL of eluent or deionized water to the middle of the membrane in the preparation tube (deionized water or eluent was heated to 65 °C). Allow the mixture to stand at room temperature for 1 min, and Centrifuge the mixture for 1 min at 12,000 x g.
3. Perform quantitative real-time polymerase chain reaction (Q-RT-PCR) to quantify the relative abundances of bacteria and fungi on the sampling filters. 1. Use primers as follows: for bacterial 16S rDNA, 515F (5'-GTG CCA GCM GCC GCG GTA A-3') and 806R (5'-GGA CTA CHV GGG TWT CTA AT-3'); and for the fungal ITS, ITS1 (5'-TCC GTA GGT GAA CCT GCG G-3') and ITS1 (5'-GCT GCG TTC TTC ATC GAT GC-3'). 2. Run the Q-RT-PCR assays on a Real-Time PCR System (see Table of 5. Perform DNA purification, DNA quantification and pyrosequencing as described in a previous study 21 . Table of Materials). There is a container with many air intakes on the top in each stage of the sampler. 3. Culture the airborne bacteria collection plates at 37 °C for 24-48 h; then, count the colony numbers of bacteria on the sample dish for each stage.
Bioaerosol Sampling and Cultivation

Identification of Culturable Bacteria
1. After 48 h or 72 h of culturing, place the bacteria into a 2 mL centrifuge tube. Extract the DNA of these bacteria or fungi by using a multisource DNA extraction Kit (see 
Representative Results
In this study, we performed an assessment of the overall PM distribution and a comprehensive analysis of the bioaerosols in a dairy farm from September to December. Many environmental factors contribute to the distribution of aerosol particles. We studied the concentration and size distributions of PM in a cow house by using a TSI laser particle counter. As shown in Figure 1A , the concentration of aerosol particles was highest in December and lowest in October, which might be caused by changes in temperature and humidity ( Table 1 ). The concentration of inhalable aerosol particles (0.3-3.0 µm) accounted for more than 99% of the total particle concentration ( Figure 1B) , and the particles in this range could reach the deep respiratory tract, causing serious hazards for humans and animals.
Biological composition analysis of samples can be performed by DNA extraction, bacterial 16SrDNA and fungal ITS region sequencing instead of microorganism culture. From the biological analysis of bioaerosol samples collected by using a cyclonic aerosol sampler or a high-volume air sampler with filters, we can preliminarily compare the efficiencies of these two methods in collecting bacteria and fungi. Figure 2 showed the analysis results of the bioaerosol samples collected during Beijing hazy days in the campus of Beijing Institute of Technology in December 20, 2016. For bacteria collection, the results indicated that the cyclonic aerosol sampler collected many more genera than the high-volume air sampler with filters (Figure 2A) . For fungi collection, these samplers showed equal collection efficiencies and almost the same genus abundances ( Figure 2B) . From the results presented in Figure 2 , we were able to measure the different collection efficiencies of these two methods for bacteria and fungi. For bacteria collection, the cyclonic aerosol sampler performed much better than the high-volume air sampler with filters because the samples from the former showed a higher genus abundance (Figure 2A) . However, the fungal sequencing analysis of the two samples from different sampling methods showed nearly identical community structures ( Figure 2B ).
We studied airborne culturable bacteria by using an Andersen six-stage sampler. As shown in Figure 3 , the colony numbers of culturable bacteria for stage I-VI particles was reduced. Stage I particles (particle size > 8.2 µm) had the highest numbers of culturable bacteria colonies. The percentage of stage I colonies in four different types of piggeries including farrowing house, pregnant sow house, fattening house and weaning house was 33%, 30%, 26% and 34%, respectively. The percentage of stage II colonies in four different types of piggeries was 20%, 22%, 19% and 20% respectively. The percentage of stage III colonies in four different types of piggeries was 18%, 18%, 18% and 19% respectively. The percentage of stage IV colonies in four different types of piggeries was 17%, 16%, 16% and 16% respectively. The percentage of stage V colonies in four different types of piggeries was 10%, 10%, 14% and 6% respectively. Stage VI particles (particle size < 1.0 µm) had the lowest numbers of culturable bacteria colonies. The percentage of stage VI colonies in the four different types of piggeries was 3%, 5%, 6% and 5%, respectively.
The air samples were collected in four different types of piggeries by using an Andersen six-stage sampler and then cultured under suitable conditions. The whole-genome DNA of the culturable bacteria collected from each particle stage was extracted and detected by bacterial 16S rDNA and fungal ITS region sequencing. A total of 91 genera and 158 species of bacteria were identified in the culturable bacteria in piggeries. The culturable bacteria community structures in four different types of piggeries, including farrowing house, pregnant sow house, fattening house and weaning house are shown in Figure 4 with data from stage I to stage VI. The content of different predominant bacterial genera is not the same among different piggeries. 
Discussion
In this study, we provided some representative results that were obtained during hazy days and in livestock farms. The results from bioaerosol samples taken during Beijing hazy days facilitated a better understanding of the biological compositions of the biological composition of PM without PM present during Beijing hazy days. The results from samples taken from livestock farms will also provide basic data for environmental air quality control in piggeries and a theoretical foundation and technical support for healthy breeding and safe production in livestock farms.
Many environmental factors, such as temperature, humidity and wind speed, might contribute to the distribution of aerosol particles in the cow house (Figure 1) . Previous studies have revealed that the PM in livestock farms mainly comes from the fodder, feces, fur and feather, which may be related to the animal activities. The environmental factors can affect not only animal activities, but also the aggregation and diffusion of PM in a relatively closed cow house. Therefore, we detect different concentrations and size distributions of PM in four different months. Besides, the sanitary condition, feeding method and animal activity were different between the four types of piggeries, which might also affect their community structure of culturable bacteria in the air (Figure 4) .
However, in this study, we mainly focused on the available methods that we could use to study the composition and distribution of bioaerosols under different environmental conditions. Compared with other microbial samples, those of airborne microorganisms have very low concentrations and are mixed with a large number of impurities, such as inorganic dust particles, which introduce certain difficulties during the collection and detection of such microorganisms 21 . Therefore, appropriate methods of collection and detection should be selected for microbial aerosols. The collection of microbial aerosol samples is generally performed by using the precipitation method or specialized equipment to collect the microorganisms in liquid, semi-solid or solid sampling medium 22, 23, 24 . Then, some corresponding technical treatment and specific testing and analysis are subsequently carried out 25 . The sampling medium should keep microorganisms intact to reduce the error associated with detection and analysis 26 . However, different aerosol microorganism samplers have different effects on the integrity of samples due to their different sampling principles and media. People have designed many kinds of bioaerosol samplers that use different sampling principles, such as inertial impaction, filtration resistance, and electrostatic precipitation 27 . Impacting samplers can push airborne PM into the sampling medium at high speed by using extraction equipment. There are two types of impacting samplers: solid and liquid.Solid impacting samplers can be used to sample bioaerosols at a low concentration and can be almost impervious to air flow 28 . Aerosol particles of different sizes can be preliminarily screened, and microbes can be sampled directly into the culture medium, which increases the survival rate of culturable microorganisms 10 . Due to inertial impact, microbial aerosol particles easily collide at the same site, and colonies may overlap easily after culture. At present, the most common solid impacting sampler is the Andersen-6 microbial aerosol sampler. In this study, we used an Andersen six-stage sampler to study the culturable bacteria distributed in airborne PM of different sizes.
Cyclonic aerosol samplers use cyclones to spiral air at high speed into a cylinder or cone. Bioaerosol particles can be separated from the airflow by centrifugal force, which means that microbes can bump into the inner wall of the sampler and then be collected by the sampling buffer. This method is convenient and can be used for long sampling times in large flow and sampling operations. However, this method cannot be implemented at low temperatures because the operation is dependent on liquid. The cyclonic aerosol sampler used in this study is a cyclonic wetted-wall aerosol sampler that can extract and transfer airborne pathogens and particles from sampled air into a small volume of water for analysis 29 .
Filter samplers can work under low temperature conditions and can sample particles above a certain size. However, they have a great impact on microbial activity and are prone to damage, which will greatly influence subsequent studies on sampling activity. In this study, bioaerosol samples from Beijing hazy days were collected by using both a high-volume air sampler with filters and a cyclonic aerosol sampler. The aim of this experiment was to analyses the biological composition of PM without the separation and culturing of airborne microbes. Therefore, these two sampling methods were suitable for this study. For the cyclonic aerosol sampler method, airborne microbes at a low concentration can be easily extracted into the running buffer and then can be analyzed conveniently without the additional treatment that is commonly used for filter samples. In this study, these two sampling methods, cyclonic aerosol sampler and filter sampler, showed different sampling efficiency. The additional treatment that is commonly used for filter samples, such as recovering the sample from the filter, is one of the main differences between these two methods. Besides, the air samples were collected directly into the running buffer by cyclonic aerosol sampler while the other method collected samples on filters. The characteristics of different type of sampling method might contribute to this different sampling efficiency. We can assume that the cyclonic aerosol sampler is the better choice for microorganism collection, and this assumption needs further confirmation.
In this study, bacterial 16S rDNA and fungal ITS region sequencing were used to perform the biological analysis of bioaerosols. 16SrDNA sequencing is the determination of 16S rDNA segments in the microbial genome 30 . 16S rDNA widely exists in prokaryotes with high conservation and specificity, which makes it useful for the identification of microbial species 31 . Whole-genome sequencing requires only the extraction of genomic DNA and subsequent sequencing. In addition to producing a large amount of data, this process also allows for a more comprehensive analysis of microbial community structure. Besides, metagenomics can also be used in this field of study by providing more information in the future. Handelsman et al. first proposed the concept of the metagenome in a 1998 paper on microbes in soil 32 . In subsequent studies, the concept of the metagenome was gradually accepted, and much research was carried out on the microbes included in the human gut, ocean and soil 33, 34, 35 . With the support of high-throughput sequencing technology, metagenomics has developed rapidly, and it plays an increasingly important role in the study of pathogen detection. Traditional microbial research methods mainly rely on culture for separation and purification. However, many studies cannot be carried out because more than 99% of microbes cannot be cultured. In contrast to traditional methods, metagenomics can take the genetic information of all the microbes in the environment as a whole without the need to separate individual organisms 36 . A comprehensive analysis of all the resulting microorganisms can be conducted directly.
In summary, this study showed several detection, sampling and analysis methods that could be used for studies on the biological composition of environmental PM, including PM monitoring; PM sampling by an Andersen six-stage sampler, a high-volume air sampler with filters or cyclonic aerosol sampler; and subsequent biological analysis based on DNA sequencing. In practice, these methods can be used under different environmental conditions, such as many types of livestock farms. Our protocols and results may help other researchers all over the world further explore the health impacts of fungal and bacterial bioaerosols in the environment.
